Low density lipoprotein receptor-related protein 6 (LRP6), a wnt co-receptor, regulates multiple functions in various organs. However, the roles of LRP6 in the adult heart are not well understood. Methods: We observed LRP6 expression in heart with end-stage dilated cardiomyopathy (DCM) by western blot. Tamoxifen-inducible cardiac-specific LRP6 knockout mouse was constructed. Hemodynamic and echocardiographic analyses were performed to these mice. Results: Cardiac LRP6 expression was dramatically decreased in patients with end-stage dilated cardiomyopathy (DCM) compared to control group. Tamoxifen-inducible cardiac-specific LRP6 knockout mice developed acute heart failure and mitochondrial dysfunction with reduced survival. Proteomic analysis suggests the fatty acid metabolism disorder involving peroxisome proliferator-activated receptors (PPARs) signaling in the LRP6 deficient heart. Accumulation of mitochondrial targeting to autophagosomes and lipid droplet were observed in LRP6 deletion hearts. Further analysis revealed cardiac LRP6 deletion suppressed autophagic degradation and fatty acid utilization, coinciding with activation of dynamin-related protein 1 (Drp1) and downregulation of nuclear TFEB (Transcription factor EB). Injection of Mdivi-1, a Drp1 inhibitor, not only promoted nuclear translocation of TFEB, but also partially rescued autophagic degradation, improved PPARs signaling, and attenuated cardiac dysfunction induced by cardiac specific LRP6 deletion. Conclusions: Cardiac LRP6 deficiency greatly suppressed autophagic degradation and fatty acid utilization, and subsequently leads to lethal dilated cardiomyopathy and cardiac dysfunction through activation of Drp1 signaling. It suggests that heart failure progression may be attenuated by therapeutic modulation of LRP6 expression.
Introduction
Cardiomyopathy, such as hypertrophic cardiomyopathy or dilated cardiomyopathy, is one of the most common causes of heart failure that is characterized by cardiac remodeling and contractile dysfunction. Genetic mutations and altered expression of many signaling molecules and
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International Publisher structural proteins have been indicated in the development of cardiomyopathy [1, 2] . However, the molecular mechanisms underlying the progression from adaptive cardiac remodeling to decompensated heart failure remain largely unknown. Strategies targeting new molecules or factors are urgently needed to prevent this transition under pathological condition. In this study, we describe low density lipoprotein receptor-related protein 6 (LRP6) as a novel regulator in the progression of cardiac dysfunction.
LRP6, belonging to the low density lipoprotein (LDL) receptor-related family, is a transmembrane cell surface protein and a wnt coreceptor, inducing the wnt canonical signaling pathway involved in embryonic development [3] , body fat and glucose homeostasis [4] , and bone cell metabolism [5] etc. It has been widely studied in the development of several organs including cardiac specification and morphogenesis [6] . In addition to organ development, a potential function of LRP6 in coronary heart disease owing to high blood lipid has been reported [7, 8] . The mutation Y418H in LRP6 weakens the wnt3a signaling pathway and impairs endothelial cell functions, which contributes to normolipidemic familial coronary artery disease (CAD) [9] . Moreover, the C allele of rs11054731 within LRP6 was an independent risk factor for CAD in Chinese [10] . In our recent study, we found the activation of LRP6 was associated with the proliferation of cardiac side population cells during pressure overload in vitro and in vivo [11] . Despite recent reports that LRP6 acts as a scaffold protein regulating cardiac gap junction assembly [12] , surprisingly little is known about the role of LRP6 in the adult heart, especially in adult cardiomyocyte or the development of heart failure.
Here, we will explore: 1) the expression of LRP6 in human heart tissue with dilated cardiomyopathy; 2) the role of LRP6 in the development of heart failure by inducible cardiac-specific LRP6 knockout mice; and 3) the potential molecular mechanism. This study allowed us to identify a novel role of LRP6 in heart failure, indicating that modulation of LRP6 may be a new strategy to prevent heart failure.
Methods
Detailed methods are described in the Supplementary Material.
Human heart samples
Left ventricular samples from patients with dilated cardiomyopathy were obtained from explanted hearts undergoing heart transplantation at Zhongshan hospital, Fudan University. Non-failing hearts without obvious cardiac dysfunction were obtained from organ donor networks or cardiac donors whose hearts were rejected for transplant. For western blot analysis and immunostaining experiments, 3 rejected healthy donor hearts and 3 end-stage heart failure patients with dilated cardiomyopathy were studied.
Mouse models
LRP6 flox homo (fl/fl) mice (LRP6 fl/fl ) were kindly gifted by Prof. Bart O. Williams (Skeletal Disease and Tumor Microenvironment and Center for Cancer and Cell Biology, Van Andel Research Institute, Michigan USA). Cardiac-specific conditional LRP6 knockout mice were generated by crossing LRP6 fl/fl and α-myosin heavy chain (α-MHC) Mer-Cre-Mer Tg mice (α MHC-MCM, termed MCM), and LRP6 expression was knocked out in cardiomyocytes by tamoxifen injection (30 mg/kg i.p.) for 3 consecutive days. Cardiac-specific heterozygous LRP6 knockout (MCM/LRP6 fl/+ ) mice were generated by crossing LRP6 flox hetero (LRP6 fl/+ ) mice and MCM mice. Mdivi-1 (50 mg/kg, i.p.) was injected to MCM/LRP6 fl/fl mice at 12 h after tamoxifen or diluent injection, and dimethyl sulphoxide (DMSO) treatment was used as control.
Mitochondrial function analysis
Cardiac mitochondria were isolated using a mitochondrial isolation kit (Beyotime). ATP (adenosine triphosphate) levels in heart tissue were determined using an ATP assay kit (Beyotime). Mitochondrial membrane potential was detected using a mitochondrial membrane potential assay kit (Beyotime). Mitochondrial complex activities were examined by MitoCheck Complex I, II-III (Cayman Chemical Company, USA) and IV (Sigma USA). All the details are described in supplementary methods.
Echocardiography and hemodynamic analysis
Echocardiography was performed at the determined time. Mice were anaesthetized with inhalation of isoflurane and M-mode images were obtained with a RMV 707 scan head on the Vevo 770 (VisualSonics Inc., Toronto, Canada). Left ventricular cavity diastolic dimension (LVID;d) and wall thickness in left ventricular diastolic anterior wall (LVAW;d), left ventricular diastolic posterior wall (LVPW;d) and ejection fraction (EF) were assessed. Heart rate (HR) was maintained at more than 450 bpm. Hemodynamic assessment was performed by a 1.4 F pressure catheter (SPR 671, Millar Instruments) inserted into the aorta and left ventricle through the right common carotid artery. Left ventricular systolic pressure (LVSP), left ventricular end diastolic pressure (LVEDP), left ventricular developed pressure (LVDP), +dp/dt and −dp/dt were recorded by Powerlab system (AD Instruments, Castle Hill, Australia) through the transducer.
Mass spectrometry-based proteomics
The detailed methods are described in the Supplementary Methods.
GC-FID/MS analysis of fatty acid composition in heart tissue
Immunofluorescence staining
Frozen left ventricular tissue slides were incubated with LRP6 antibody (1:50; Cell signaling) and Alexa Fluor® Plus 488 conjugated goat anti-rabbit secondary antibody (1:1000 Life Technology). Cardiomyocytes were isolated from adult mice as in a previous study [13] . Acute isolated adult cardiomyocytes were incubated in MitoTracker (1:5000, invitrogen) for 5 min. The cells were fixed with 4% paraformaldehyde followed by blocking with 2% BSA in PBS, and then incubated with LRP6 antibody as mentioned above. To observe cardiomyocyte hypertrophy, the left ventricular tissue slides were incubated with wheat germ agglutinin (WGA) Alexa Fluor 568 conjugate (1:100; Invitrogen). Fluorescence images were obtained using a confocal microscope (Zeiss, Germany).
Western blot analysis
The heart tissue or cardiac mitochondria were lysed for western blot analysis in a standard routine with specific antibodies (Table S1 ). Quantitative analysis was performed by LAS-3000 imaging system (FUJIFILM Inc, Tokyo, Japan).
Morphological analysis
Hematoxylin and eosin (HE) staining was performed to examine cardiac structure as in a previous study [14] . The ultrastructure of heart tissue was analyzed by transmission electron microscopy. The accumulation of lipid droplets in heart tissue was analyzed by Oil red O staining. All detailed methods are described in Supplementary Methods.
Statistical analysis
Data are expressed as mean ± SEM. Student's t-test was applied to two group comparisons. One-way ANOVA with Bonferroni post-hoc test was used for multiple group comparisons. The difference in mean values between tamoxifen or diluent injected MCM or MCM-LRP6 fl/fl was evaluated by two-way ANOVA, followed by Bonferroni post-tests. Statistical analyses were carried out using Prism 5 (GraphPad).
Values of p < 0.05 were considered statistically significant.
Study approval
All animal experiment protocols were approved by the Animal Care and Use Committee of Fudan University and conformed to the Guidelines for the Care and Use of Laboratory Animals published by the NIH. All human heart tissue samples were obtained in accordance with ethics committee approval (Approval No: B2014-084) at Zhongshan hospital, Fudan University. Consent for research use of explanted heart tissues or the donor heart tissues was obtained in all cases. A detailed protocol and informed consent documents were reviewed by Fudan University, Zhongshan Hospital Review Board.
Results

LRP6 is downregulated in heart tissue of patients with dilated cardiomyopathy.
We first quantified LRP6 and LRP5 protein levels in heart samples from patients with end-stage dilated cardiomyopathy (DCM) or subjects without obvious cardiovascular diseases (Table S3) , and observed that LRP6 was sharply downregulated in heart tissues with DCM ( Figure 1A , Figure S1 ). Although LRP5 showed reduced expression in heart samples with DCM, there was no statistical significance between the two groups. Immunofluorescence staining of heart tissue from C57BL/6 mice revealed LRP6 was predominately expressed in membranes of cardiomyocytes ( Figure 1B ). These data suggest that downregulation of LRP6 in cardiomyocytes may be involved in the development of cardiac dysfunction in patients with DCM.
Cardiomyocyte-specific deletion of LRP6 causes dilated cardiomyopathy.
To investigate whether knockdown of LRP6 in cardiomyocytes contributes to maladaptive cardiac dysfunction in DCM heart, we employed the tamoxifen-inducible Mer-Cre-Mer system to delete LRP6 specifically in cardiomyocytes. Mice with a "floxed" LRP6 gene were bred to the tamoxifeninducible α-myosin heavy chain (α-MHC) Mer-CreMer Tg mice (termed MCM) to generate α-MHC Mer-Cre-Mer/LRP6 fl/fl mice (termed MCM/LRP6 fl/fl ). MCM or MCM/LRP6 fl/fl male mice aged 8-12-week were used in the present study. Echocardiographic analysis revealed no difference in basal cardiac function between MCM and MCM-LRP6 fl/fl mice before tamoxifen injection and deletion of LRP6 (Table S4 ). After intraperitoneal injection of tamoxifen for 3 consecutive days, MCM/LRP6 fl/fl allowed for inducible deletion of LRP6 specifically in cardiomyocytes. Experimental strategy in vivo is shown in Figure 2A . LRP6 level declined ~90% in myocardial tissue ( Figure 2B ) while the levels were unaffected in the kidney ( Figure S2A ) and other tissues (data not shown) from tamoxifen-injected-MCM/LRP6 fl/fl . LRP5 expression didn't show alteration in these mice ( Figure S2C ). Diluent-injected littermate MCM-LRP6 fl/fl and tamoxifen-injected littermate MCM or LRP6 fl/fl served as control groups. Tamoxifen injection didn't induce the decrease in cardiac LRP6 expression in MCM mice ( Figure S2B) . Surprisingly, we observed that ~35% mice died and most of the surviving mice developed overt cardiac dysfunction within 7 days after tamoxifen injection in MCM/LRP6 fl/fl , whereas none of tamoxifen-injected MCM died during the experimental process after tamoxifen injection ( Figure 2C ).
Fractional shortening (FS) showed a sharp decline in MCM/LRP6 fl/fl starting at day 2 post-tamoxifen injection; it recovered in some mice that survived but remained much lower than that in control mice through the whole duration of the study ( Figure 2D Figure S3B ,C). Cardiomyocyte-specific deletion of LRP6 also resulted in significant decreased left ventricle systolic pressure (LVSP), increased left ventricular diastolic pressure (LVEDP), and impaired peak rates of ventricular contraction and relaxation (±dp/dtmax) ( Figure 2H-K) . Moreover, tamoxifeninjected MCM-LRP6 fl/fl showed significantly enlarged heart size and increased heart weight/body weight ratio (HW/BW) or lung weight/body weight (LW/BW) ratio compared with control mice ( Figure  2O , Figure S3G ). Histological analysis of H&E-stained longitudinal sections of hearts confirmed dilated ventricular chamber with evidence of cardiomyocyte hypertrophy in tamoxifen-injected MCM-LRP6 fl/fl compared to control mice ( Figure 2L -P). In addition, H&E staining revealed vacuolated myocytes and oil red O staining showed positive red staining in tamoxifen-injected MCM/LRP6 fl/fl hearts, indicating intracellular accumulation of lipid ( Figure 2N ). In MCM mice, tamoxifen injection didn't induce these mentioned effects. But tamoxifen-injected MCM/LRP6 fl/fl showed little apoptosis or fibrosis in left ventricular tissue as control group by TUNEL staining or Masson's trichrome staining (data not shown).
In heterozygous mice (termed MCM/LRP6 fl/+ ), LRP6 level declined ~50%, but EF or FS didn't alter after tamoxifen injection ( Figure S4A ,B). None of these mice died or exhibited any signs of cardiac dysfunction during 30 days observation after tamoxifen injection. However, within 2 weeks (adaptive stage of pressure overload) after transverse aorta constriction (TAC), tamoxifen-injected-MCM/ LRP6 fl/+ were susceptible to sudden cardiac death (43%). Both EF and FS significantly decreased in tamoxifen-injected-MCM/LRP6 fl/+ compared to sham group, while they showed little difference in diluent-injected-MCM between TAC and sham group ( Figure S4C ). This suggests that downregulation of LRP6 in cardiomyocytes predisposes mice to cardiac dysfunction or heart failure in response to pressure overload. Taken together, cardiomyocyte-specific deletion of LRP6 causes lethal dilated cardiomyopathy and cardiac dysfunction in adult mice.
Cardiomyocyte-specific deletion of LRP6 greatly impairs architecture of intercalated disk, and induces the accumulation of autophagosome and lipid droplet.
Electron microscopy revealed abnormal intercalated disks in the LRP6 deletion heart. In normal myocardium, the long and step-like indercalated disk (ID) could be frequently observed (21 intercalated disks from 7 mice), but in the LRP6 deletion heart, 13 IDs (21 intercalated disks from 7 mice were observed) displayed the obvious wide gap junction or the wavy or bent Z disk between the adjacent cardiomyocytes, and 2 IDs were destroyed and difficult to detect ( Figure S5A ). In addition to abnormal IDs, we observed obvious mitochondrial targeting to autophagosomes and lipid accumulation in left ventricular sections from the LRP6 deletion heart ( Figure 3A) . In heterozygous mice, electron microscopy analysis revealed some mitochondrial targeting to autophagosomes but no obvious lipid droplets or abnormal ID ( Figure S5B ). Cardiac ID contains a complex protein network that is critical for electrical continuity and chemical communication between adjacent cardiomyocytes [15] . We then performed electrocardiogram measurement to examine whether the wide gap junction induced by LRP6 deletion would lead to arrhythmias. No obvious arrhythmia events were observed in cardiac LRP6 deletion mice (data not shown). Cardiac mitophagy or lipid accumulation is accompanied by mitochondrial dysfunction [16] . In parallel, cardiac ATP level was significantly lower in tamoxifen-injected MCM/LRP6 fl/fl than in diluent-injected ones ( Figure 3B ). Mitochondrial membrane potential was evaluated with JC-1 assay. Tamoxifen-injected MCM/LRP6 fl/fl showed a decrease of red to green fluorescence ratio, indicating depolarization of mitochondrial membrane potential in myocardium ( Figure  3C ). Furthermore, mitochondrial swelling assay revealed that decrease in absorbance at 520 nm (an indicator of mPTP opening) was significantly greater in isolated cardiac mitochondria from tamoxifen-injected MCM/LRP6 fl/fl than that from tamoxifen-injected MCM, suggesting that mPTP opening is accelerated by cardiomyocyte-specific LRP6 deletion ( Figure 3D ).
Mitochondrial complexes I, II/III, and IV activities were also significantly attenuated in MCM/LRP6 fl/fl hearts after tamoxifen injection compared to those in control mouse hearts ( Figure  3E-G) . In MCM mice, tamoxifen injection showed little difference in these above-mentioned effects. Thus, cardiac LRP6 depletion resulted in mitochondrial dysfunction, which impaired the production of ATP, contributing to severe heart failure. Immunostaining and western blot analysis showed LRP6 is expressed on the membrane of cardiomyocytes but not in mitochondria ( Figure S6A , B). The expressions of β-catenin in cardiac nuclei or cytosol showed little difference between diluents-and tamoxifen-injected MCM/LRP6 fl/fl ( Figure S7A , Figure 5 ). There was no difference in active β-catenin expression in heart tissue between LRP6 deletion mice and control ones ( Figure S7B ). The mRNA of Axin2, Lef1 Tcf7l2, and β-catenin target genes revealed little alteration in LRP6 deletion hearts compared to control ones ( Figure S7C ). This suggests that LRP6 has little possibility of directly regulating mitochondrial function in cardiomyocytes, and the deletion-induced mitochondrial dysfunction may be independent of canonical wnt signaling. Cardiomyocyte-specific deletion of LRP6 greatly impairs autophagic degradation and fatty acid utilization.
To identify the molecular function of LRP6 in the heart, protein expression profiling was analyzed by proteomics in heart tissue from MCM/LRP6 fl/fl at day 1 after three-day treatment with tamoxifen or diluent. 64 proteins were upregulated and 15 proteins were downregulated in MCM/LRP6 fl/fl mice treated with tamoxifen compared to those treated with diluent ( Figure S8A ). Function analysis revealed differentially expressed proteins were involved in multiple functions such as cell-cell signaling and interaction, inflammatory response, metabolic disease, lipid metabolism and molecular transport, etc. ( Figure S8B , Table S5 ). In addition to involvement in cell-cell signaling and interaction, most of the proteins that were altered by LRP6 deletion were mapped onto mitochondrial pathways and fatty acid metabolism such as peroxisome proliferator-activated receptors (PPARs) activation, ERK/MAPK signaling and caveolar-mediated signaling etc (Table S6 ). Fatty acid analysis by GC-FID/MS indicated LRP6 deletion induced the higher levels of C16:0, C18:1n9 and C18:2n6 than in control hearts. The LRP6 deletion heart also has higher MUFA level and MUFA-to-UFA ratio with lower PUFA level, PUFA-to-MUFA and PUFA-to-UFA ratios than controls ( Figure 3H-J) . Further western analysis confirmed that PPARα and PPARδ, the prominent regulators for maintaining basal cardiac fatty acid oxidation, decreased sharply, while PPARγ coactivator-1α (PGC-1α), caveolar 3 (muscle-specific caveolin family member), and lipoprotein ligase showed little alteration in LRP6 deletion hearts compared to control hearts ( Figure 4A , Figure S9A ). The activation of ERK1/2 showed little difference between the two groups ( Figure S9B ). Quantitative PCR analysis revealed little alteration in mt-DNA-encoded genes: mt-Cytb (encoding cytochrome b), mt-Co1 (encoding the cytochrome c oxidase subunit 1) and mt-Nd1(encoding NADH dehydrogenase-1) in the LRP6 deficient heart ( Figure  S9C ). We also detected mRNAs of those genes related to lipogenesis. These included acetyl CoA carboxylase 1 (Acc1), stearoyl-CoA desaturase (Scd) and fatty acid synthase (Fas). There were no differences in Acc1, Scd1 and Fas mRNAs levels between LRP6 deletion heart and control heart ( Figure S9D ). These data suggest that cardiac LRP6 deletion has little effect on mitochondrial biogenesis or fatty acid synthesis, but it may impair fatty acid utilization by decreasing the expression of PPARs which leads to lipid accumulation in the heart.
A recent study suggests there is crosstalk between autophagy and lipid metabolism [17] . Given that obvious mitochondrial targeting to autophagosomes was observed in LRP6 deletion hearts, we next investigated the role of LRP6 in mediating autophagy in myocardium in vivo. There was significantly less LC3-II, an indicator of autophagic flux, and significantly more p62, a protein degraded by autophagy, in hearts from tamoxifen-injected MCM/LRP6 fl/fl than those from diluent-injected ones ( Figure 4A,B) . These data suggest cardiac LRP6 deletion may result in the inhibition of autophagic or mitophagic degradation. Selective mitophagic elimination usually requires Parkin, a cytosolic ubiquitin ligase, to be translocated to damaged mitochondria from cytosol in PTEN-induced putative kinase 1 (PINK1, the mitochondrial kinase)-dependent manner [18, 19] . We observed that cardiac PINK1 expression and its translocation to mitochondria were both suppressed, and mitochondrial Parkin expression didn't change significantly in tamoxifen-injected-MCM/LRP6 fl/fl hearts compared to those in control hearts ( Figure  4B ,C). Dynamin-related protein 1 (Drp1), a cytoplasmic GTPase, which can be recruited to mitochondria, plays an important role in autophagy or mitophagy [20] . LRP6 deletion promotes cardiac Drp1 phosphorylation at ser616 and its translocation to mitochondria ( Figure 4B,C) . In myocardial sections from DCM patients, p-Drp1 (ser616) was higher than in control group ( Figure S10 ). The activation mammalian target of rapamycin (mTOR) by stress or hormones usually suppresses proteolysis by proteasomes or autophagy [21] . Ingenuity Pathway Analysis (IPA) showed that mTOR was one of the proteins which could interact with Drp1 (Table S7 ). The present data revealed that p-mTOR level was greatly increased in tamoxifen-injected MCM/LRP6 fl/fl hearts compared to that in diluent-injected ones ( Figure 4B ). 5'-adenosine monophosphate-activated protein kinase (AMPK), a key player of metabolism pathways, mediates autophagy or mitophagy through inhibition of mTOR [14, 22] . Although p-AMPK level was decreased in tamoxifen-injected MCM/LRP6 fl/fl hearts compared to that in diluent-injected ones, there was no statistical difference in p-AMPK/AMPK between the two groups ( Figure 4B ). In MCM mice, tamoxifen injection didn't influence these proteins' expression.
Inhibition of autophagy increases lipid storage and impairs its utilization, which then further suppresses autophagy [17] . These data suggest that LRP6 deletion inhibits autophagy, which may perturb fatty acid oxidation, and vice versa, leading to myocardial lipid accumulation and cardiac dysfunction. The activation of Drp1 may be involved in the process. Cardiomyocyte-specific deletion of LRP6 leads to a decrease in TFEB in the nucleus, associated with activation of Drp1.
Transcription factor EB (TFEB) has been reported to link the autophagic pathway to cellular lipid metabolism [23] . Dephosphorylated TFEB transloncates from cytosol to the nucleus to promote autophagy, mitochondrial biogenesis and β-oxidation [24] . We examined TFEB expression in whole cell lysate, nuclei and cytosol from heart tissue respectively. There was no obvious difference in TFEB expression in whole cell lysate or cytosol from heart tissue between tamoxifen-injected MCM/LRP6 fl/fl mice and diluent-injected ones. However, nuclear TFEB expression was significantly lower in tamoxifen-injected MCM/LRP6 fl/fl hearts than in dilution-injected ones ( Figure 5A ), while it showed little alteration between tamoxifen-injected MCM hearts and diluent-injected ones ( Figure S11 ). TFEB can be phosphorylated by ERK2 [23] or mTOR [24, 25] , which inhibits its translocation to the nucleus. Cardiac LRP6 deletion greatly promoted mTOR phosphorylation ( Figure 4B ), but it showed little effect on the phosphorylation of ERK1/2 ( Figure S9B ). We then examined the effect of Drp1 activation on mTOR phosphorylation and TFEB translocation. Further analysis revealed that mdivi-1 suppressed the phosphorylation of mTOR and attenuated the decrease in TFEB nuclear expression in cardiac-specific LRP6 deletion mice, while in control mice, mdivi-1 showed little effect on nuclear TFEB expression ( Figure 5B ). This suggests that the inhibition of TFEB nuclear translocation induced by LRP6 specific deletion in cardiomyocytes may be dependent on the activation of Drp1/mTOR.
Drp1 inhibitor greatly improves autophagic inhibition and reduces the size of lipid droplets in LRP6 deletion hearts.
To explore the effects of Drp1 activation on autophagic inhibition, we treated MCM/LRP6 fl/fl with mdivi-1 by intraperitoneal injection [26] Figure  6C ). In diluent-injected MCM/LRP6 fl/fl , mdivi-1 treatment didn't alter the expression of these proteins. In addition, the decreased ATP production and mitochondrial membrane potential induced by LRP6 deletion were significantly improved by mdivi-1 injection ( Figure 6D ,E). These data indicate Drp1 inhibitor greatly improves autophagic inhibition and lipid accumulation, which subsequently attenuates mitochondrial dysfunction induced by LRP6-specific deletion in cardiomyocytes.
Drp1 inhibitor greatly improves cardiac dysfunction induced by LRP6 deletion.
We then examined the effect of Drp1 inhibitor on cardiac function in MCM/LRP6 fl/fl mice injected with tamoxifen or diluent. Mdivi-1 significantly increased survival rate of MCM/LRP6 fl/fl mice within 7 days after tamoxifen injection ( Figure  7A ). Echocardiography analysis showed that mdivi-1 greatly attenuated the decrease in FS, EF and LVPW;d, and the increase in LVID induced by cardiomyocyte-specific LRP6 deletion ( Figure 7B -D, Figure S12A ,B). In parallel, mdivi-1 partly weakened the decrease in dp/dtmax and the increase in LVEDP induced by cardiomyocyte-specific LRP6 deletion ( Figure 7E,H) . Although -dp/dtmax, LVSP and LVAW;d were higher in mdivi-1-treated-LRP6 deletion mice compared to those in DMSO-treated ones, there was no statistical difference between the two groups ( Figure 7F ,G, Figure S12C ). Histological analysis of H&E-stained longitudinal sections of hearts indicated the dilated ventricular chamber was greatly attenuated by mdivi-1 treatment compared to DMSO treatment in tamoxifen-injected MCM-LRP6 fl/fl ( Figure 7I ). Mdivi-1 injection also greatly attenuated the increased HW/BW ratio induced by cardiac-specific LRP6 deletion ( Figure 7J ). These data revealed that Drp1 inhibitor greatly improved cardiac dysfunction induced by Drp1-specific deletion in cardiomyocytes. This may be related to upregulation of nuclear TFEB induced by mdivi-1 in cardiac-specific LRP6 knockout mice.
Discussion
In this study, we identified the downregulation of LRP6 in human heart tissue with end-stage dilated cardiomyopathy. Cardiomyocyte-specific lack of LRP6 led to acute heart failure resulting from impaired myocardial autophagy and lipid accumulation (Figure 8) . Inhibition of Drp1 partly attenuated cardiac dysfunction observed in cardiomyocyte-LRP6-null mice by regulating the activation of mTOR and TFEB nuclear localization. The present study demonstrates novel roles of LRP6 in establishing physiological cardiac function and maintaining mitochondrial homeostasis in adult mice with implications for human heart disease.
Recently, Li J et al. reported cardiac deletion of LRP6 predisposed mice to lethal arrhythmias by reducing connexin43 (Cx43) gap junction plaques [12] , but they reported no obvious symptoms of heart failure in cardiac LRP6 deletion mice in the absence of stress. This might be explained by the higher LRP6 knockdown efficacy in our study than in theirs. In their study, cardiac LRP6 expression declined ~50% in cardiac-specific LRP6 knockout mice, while in our study, the expression decreased to ~10% compared to control mice. In the cardiac-specific heterozygous LRP6 deletion mice, cardiac LRP6 expression decreased to 49%, and no cardiac dysfunction was observed in the present study; but, the mice were predisposed to cardiac dysfunction or sudden death during pressure overload. The difference in LRP6 knockdown efficacy between our study and theirs may be owing to several factors such as tamoxifen dose, cre activity or age of mice. However, the present study revealed the impaired structure of ID in the LRP6 deletion heart, which may partly explain lethal arrhythmias of these mice in response to stress in the other study [12] .
In the presence of Wnts or Frizzled proteins, LRP6 is activated, leading to the inhibition of cytosolic β-catenin degradation. The accumulated β-catenin enters into the nucleus and binds to T cell factor-lymphoid enhancer factor (TCF-LEF) family, the DNA binding transcription factors, to promote the expression of target genes and regulate various cellular activities [27] . However, in this study, cardiac-specific LRP6 deletion didn't alter β-catenin expression and its cellular distribution. This suggests that cardiac dysfunction induced by LRP6 deletion is independent of Wnt/β-catenin signaling. Hemodynamic analysis of dp/dtmax, -dp/dtmax, LVSP and LVEDP in mice from (A). n=6-8/group. (I) HE staining of longitudinal heart sections from mice from (A). n=3-6/group. (J) HW/BW was analyzed in mice from (A). n=3-6/group *p<0.05; **p<0.01 vs. DMSO group. # p<0.05, ## p<0.01 vs. tamoxifen+DMSO group.
More than 95% of cardiac ATP generated comes from oxidative phosphorylation in the mitochondria under physiological conditions [28, 29] . We observed the decreased ATP production and mitochondrial dysfunction were accompanied by obvious accumulation of mitochondrial targeting to autophagosome and lipid droplet in LRP6 deletion hearts, indicating the critical role of mitochondrial autophagy and fatty acid metabolism disorder in the process. Proteomics analysis revealed that PPARs signaling involved in the cardiac dysfunction induced by LRP6 deletion. PPARα and PPARδ play a prominent role in the regulation of cardiac fatty acid metabolism by transcriptional activation of genes encoding critical enzymes in fatty acid metabolism [30] . Cardiac deactivation of the PPARα or PPARδ deficiency depresses myocardial fatty acid oxidation and develops lipotoxic cardiomyopathy [31] [32] [33] . The expression of PPARα or PPARδ was sharply decreased in LRP6 deficient hearts. But, the expression of PPARγ coactivator-1α (PGC-1α), the transcriptional coactivator of the PPARs and stimulator of mitochondrial biogenesis [34] , showed little alteration in LRP6 deficient hearts, and mitochondrial DNA copy number revealed similar results, suggesting cardiac LRP6 deletion has little effect on mitochondrial biogenesis or content. However, the higher level of medium-and long-chain fatty acids suggests the inhibition of fatty acid oxidation in LRP6 deletion hearts. The excess free fatty acids can cause lipotoxicity-induced cardiac dysfunction [35] . Moreover, the significant LRP6 deletion-induced decreases in PUFA-to-UFA and PUFA-to-MUFA ratios in heart tissue observed here is indicative of enhanced peroxidation of polyunsaturated fatty acids and subsequent oxidative stress, which contribute to lipid accumulation or excess reactive oxygen species [36] . This is supported by our observation of LRP6 deletion-induced heart failure. These data suggest the reduced expression of PPARα and PPARδ may contribute to the ATP production collapse by inhibition of fatty acid oxidation.
Fatty acid β-oxidation is coupled with induction of autophagy to deliver fatty acid to mitochondria in liver [37] [17] . Recently, similar mechanisms have been reported in heart tissue. An M et al. demonstrated that the activation of autophagy can inhibit lipid storage and subsequently improve cardiac dysfunction in obese hearts [38] . Selective autophagic mitochondria removal, mitophagy, plays a key role in maintaining the oxidative phosphorylation ability of mitochondria [39] . Parkin, an E3 ubiquitin ligase, translocates to mitochondria from cytosol to promote autophagic removal of damaged mitochondria via activation by PINK1 [40] . Elevated LC3b-II expression and decreased p62 levels indicate the activation of autophagy or degradation of autophagosomes [20, 21] . PINK1 expression was decreased and Parkin expression showed no alteration in mitochondria from LRP6 deletion hearts, and cardiac LRP6 deletion led to less LC3b-II or more p62 expression than control hearts, indicating the inhibition of autophagic/mitophagic degradation in LRP6 deletion hearts. AMPK, a critical regulator of energy balance, promotes myocardial autophagy through suppression of mTOR [14, 41] . Cardiac LRP6 deletion showed little effect on the activation of AMPK level but it enhanced the p-mTOR level. This suggests that LRP6 deletion mediates other signaling to activate mTOR, which induces the inhibition of autophagic degradation. Cardiac LRP6 deletion also promoted the phosphorylation of Drp1 at ser616 and its mitochondrial translocation. Drp1 inhibitor greatly attenuated the phosphorylation of Drp1 and mTOR in LRP6 deletion hearts. It also greatly improved the inhibition of autophagic degradation, lipid accumulation and cardiac dysfunction Tamoxifen-inducible cardiac-specific LRP6 knockout promotes Drp1 phosphorylation at ser616 and its translocation to mitochondria, which leads to mitochondrial fragmentation and autophagosome formation. Meanwhile, LRP6 deletion-induced phosphorylation of Drp1 also enhances p-mTOR level, which inhibits TFEB nuclear translocation by decreasing TFEB phosphorylation. TFEB-induced autophagy genes as well as fatty acids metabolism genes PPARs are suppressed, resulting in the inhibition of mitochondrial degradation and fatty acids oxidation, which contribute to cardiomyocyte death and cardiac dysfunction.
induced by LRP6 deletion. Drp1, a small GTPase, mediates mitochondrial fission by translocating to mitochondria and mitochondrial fusion by phosphorylation at S637, to maintain balance between fission and fusion in mammalian cells. Drp1 activity is rapidly increased by phosphorylation of serine 616 [28] . Endogenous Drp1 mediates mitochondrial autophagy including autophagic removal of mitochondria in cardiomyocyte [20, 42, 43] . There are multiple posttranscriptional modifications of Drp1, such as phosphorylation, S-nitrosylation or O-GlcNAcylation [29] . C452F mutation on Drp1 increases Drp1 GTPase activity, but it impairs autophagic clearance of mitochondria and ATP production by failure of Drp1 disassembly, which results in heart failure and DCM [44] ; whether Drp1 phosphorylation at ser616 is involved in these effects is largely unknown. Excessive mitochondrial fission results in mitochondrial fragmentation, depolarization and mPTP opening, which lead to initiation of mitophagy [45] . In LRP6 deletion hearts, Drp1 activation induced not only mitochondrial fragmentation but also the phosphorylation of mTOR. Chronic activation of mTOR suppresses autophagy including autophagic degradation, which is mechanistically involved in the development of heart failure or Alzheimer's disease [46, 47] . A previous study provided evidence that activation of myocardial autophagic degradation is associated with a better prognosis in patients with DCM [42] . Rapamycin, a kind of mTOR inhibitor, could improve left ventricular function of early-stage DCM by upregulating autophagy [43] . Inhibition of autophagic degradation leads to the accumulation of depolarized mitochondria, impairs lipid metabolism and increases lipid storage [17] . We speculate LRP6 deletion-induced phosphorylation of Drp1 at ser616 initiates the formation of autophagosome but it also promotes the activation of mTOR, which inhibits autophagic degradation. This could explain the accumulation of mitochondrial targeting to autophagosome and lipid droplet in the LRP6 deficient hearts. We then explored the downstream signals responsible for the inhibition of the autophagic degradation in LRP6 deletion hearts.
TFEB, the basic helix-loop-helix leucine zipper transcription factor, is a master regulator for the autophagy-lysosome pathway, by promoting the expression of autophagy and lysosomal genes [48] . It also regulates mitochondrial biogenesis and lipid catabolism by driving expression of relative genes such as PPARα and PGC-1α [23, 48] . In physiological condition, TFEB is mainly localized in cytosol, but it can rapidly translocate to the nucleus to activate the autophagy-lysosomal pathway in response to stress such as starvation [23] . Cellular localization of TFEB is mainly regulated by post-translational modification such as phosphorylation of TFEB at multiple sites by ERK2, mTOR and protein kinase Cβ [48, 49] . Phosphorylation of TFEB greatly limits nuclear localization and then inhibits autophagic process. The present data revealed TFEB expression was decreased in the nucleus but showed no obvious alteration in the cytosol in LRP6 deletion hearts. Although activation of Rag GTPases promotes the phosphorylation of mTORC1, which inhibits the nuclear localization of TFEB [49] , few studies reported the relationship between Drp1 phosphorylation and the cellular localization of TFEB. Drp1 selective inhibitor greatly suppressed the activation of mTOR and increased nucleus TFEB expression in LRP6 deletion hearts. It also improved the decrease in the expression of PPARα, PPARδ and LC3b. These data suggested that LRP6 deletion impaired autophagic degradation and fatty acid oxidation by Drp1/mTOR/TFEB pathway.
LRP6 negatively regulates GSK3β activity [50] and GSK3β-mediated-Drp1-phosphorylation induces mitochondrial fragmentation in Alzheimer's disease (AD) [51] . LRP6-deletion-dependent Drp1 phosphorylation may be regulated by GSK3β, which promotes autophagic inhibition and cell death. Put into an even wider perspective, other potential factors or pathways regulated by LRP6 deletion are also likely to contribute to myocardial dysfunction.
In summary, we identified cardiac LRP6 was downregulated in patients with DCM, and LRP6 deletion in adult cardiomyocytes induced acute heart failure from impaired mitochondrial autophagy and lipid accumulation through Drp1/mTOR/TFEB signaling. Taken together, these findings could provide novel insights into the critical roles of LRP6 in the regulation of cardiac function. This may have important implications for development of new therapeutic strategies to prevent the progression of heart failure. 
Supplementary Material
Supplementary methods, figures and tables. http://www.thno.org/v08p0627s1.pdf
